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SUBJECT CODE 5147D

Page 3.

CALCULATION OF THE HYDRAULIC FRICTION OF THE COOLING CHANNELS OF
GAS—-TURBINES BLADE

L. N. Odivanov.

Is given the derivation of the calculation formulas for

determining the hydraulic friction of the cooling channels of blades.

In formulas is considered the effect of the preheating of air, losses

PR . g 3 "
from friction and centrifugal backwater gg the capacity of cooling

channels.

For blades vith radial (longitudinal) cooling channels are given
the calculation formulas, suitable for a p:ogralninq<;;’;-all ETsVHM [
‘- digital compnté@&. For blades with transverse channels is given an
.example of the calculation on the basis of the selection of the loss

factors in handbook. Calculatjon data satisfactcrily coincided with

B e V. T = __ShE i
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the experimental data of other authors.

fhgar

In gas turbine consttuctiog\yas received ®he wide acceptance of

hladé%air-cooleal The diagrams of scme of them are given in Fig. 1,

2+

e e e g
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Page 4.

;t;EHQ théééii;zz\of cooling channels it is necessary correctly to

estimate hydraulic losses. In the existing methcds of calculation

[1), etc.,is not examined the combined effect cf some special
A

Sfeosturespeculiarities of air flow in the cooling channels of the

blades: the effect of the preheating of air from the heat,;?%%?if;—

through walls from gas; the heat, isolated from friction; the effect
of centrifugal forces, etc. This leads to certain arbitrariness in
the calculations, frequently-#t impedes the acccunt of the specific

conditions of the flow of ccolant and the generalization of the loss

factors.

In work [2] is experimentally investigated the effect of the
factors indicated for a rotor with the tlades, which have witrin
deflector Fig;_Z). The clearance between the external wall and the

deflector was maintain/withstood because of point punch-outs on

l deflector.

G
in works [3, 4] is investigated the~cﬂf§i;:§2¥;i—of blade with

. the transverse motion of air coolant, with its ejection in the area

cf trailing edge to the side of trough. Experimental data [4, S],
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etc. confirm the possibility of applying reference data [6 ] with some

corrections.

In the present work is proposed the method of the calculation of
hydraulic friction and determination of the flow rate of cooling air
for blades with the longitudinal and cross flow of coolant with the
assigned /pre-seribed geometry of channels and parameters of air

coolant.

Belovw is set forth the derivation of the calculation formulas on

the basis of the equations of energy and continuity.
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LAV &
Fig. 2. of cooled blade with transverse channels.
Page 5.

1. Equation of energy.

The equation of energy for air flow in coocling channels (in

relative motion) is reecerdr/written in the form:

- o ' 9
i ! 2 P — e
HNX "Il d’uul w H

2 2

u

“F(T- - Tr.u\) FQ+

=0. (N

Here Q - the heat, applied to air from the walls of the heated
w
channel; X is ¢ ralative speed; u - peripheral speed; T - the

temperature of air in channels; QP is the specific heat of air.

’”9" and "g4/X" designate the parameters of air coolant at
the duct inlet and at eﬁigté§$§z;é from it respectively (Figs. 1, 2).
According to the equation of the 1st law of the thermodynamics

dL, + dQ = c,dT - @)

’ -
-
L

where ZL’ is the work lost in friction; p and y - the pressure and
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air demsity. 1

In the process of the expamnsion of air its preheating through

valls from gas, from friction an\d from centrifugal compression let us |
cons;i.«i\el%;/&{i‘éz single averag olodts / — 54 1

us accept //i"=consL

O=c, (T, —T,)+ —"'-":-lm',, {1 (’I—~>_ |- f .

It is known that

¥ wiu‘.n = w?;u;
jd’-,= Lr = -‘—-“-, q (4)
vhere “unn is peed vithout taking into account &€ hydraulic

losses.

Taking into account expressions (3) and (&) equation (1) takes

the foram T n-1
n

) et - ( Fuux n . 5 & -
’!Q;uu\.n =2 "" s ,?I "‘ 1 - \"‘[21) "0‘ - - ll?‘ - Tf’)'- (.’))

nax

Andex eleetromesons it is possible to determine from the known
relationship/ratio

,,,,,

o sl S R il e e o e L
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e

Ig
Bl i (6)

B 'g l)nux

Py

outlet temperature from channel from the equation

i )
Wy — W,

Tnu: = Tu + 3 — B

s
'k-1R

(7)

Page 6.

For determining ?,. from value “... it is mecessary to find the

factor of hydraulic loss.

2. Factors of hydraulic loss.

For blades of the type a, b, ¢ (Fig. 1) & duct loséat;-r.are

composed of the following forms: input, exit and loss from friction

T
in channel. It is convenient t losses to real outlet velocity

-
from channel, then L,=E.—§£- either according to expression (4) we




Bdaivn
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will obtain

o2
2 unux.n

pux = T
1+ k
or
- a1 =
2——% |1 GﬁL\ﬂlFu — 0 + w?
T = = Py / - . (8)
neixX 1 o E* 2

The total energy losses in channel, referred to the unit of

mass, will be:

Hence

l
E_Y Ll T L 9)

""‘ L

where ¢ is factor of local loag) { - the drag coefficient of the

sections c}f channel; /O, - the hydraulic diameter of the sections of

channel; * is length of channel.
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If we approximately accept a linear change in the losses from

the wall friction on the section of chamnel, then the first term of

expression (9) will take the form:

== '"l "mu t
S OD" " llu!) + | BHX '

Speed change on section from output#pdedd to the inflection
point of channe’f/:eghqlbli/—l-tﬂ-}e, i. e..%can’% mﬁ@jﬁ‘j&
wu —-uln'

Page 7.

Taking this into account the formula for determining the coefficient

of the losses of the channels, depicted om Fig. 1, will take the

form:

g tleiheg ) | m

o

The velocity ratio is determined from the equation of the

continuity

wl I‘VIN! ,:lillx TI

= Pa Es Toux i “l)

wlll

From equations (6), (7), (8), (10), (11)1:: determineq @, . and 7,

X "
" In this case pressure at output/yield from holes /.. can be accepted
approximately ! that which is being chang _acgording to linear law

from the gas pressure on periphery 7/ at e (into lattice) to 2,

- at output yields

e TR
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(féOTNOTE>1. More precise according to data [7] ru: a little
a4£3£¥g§g::?:ith a decrease in the clearance 6§ and with an increase in

,—7-—_—\
the dynamic head of air coolant. ENDFOOTNOTE.

For the blades, depicted on Fig. 2, are characteristic still

cther forms of e losses whose coefficients are enuaerated below:

the coefficient, which evaluates loss from air distribution in
central channel &,

coefficients, the evaluating ewmery loss{into hole 0 (Fig. 2),
losses shock of flow into wall (internal surface of the spout of
klade) and from the rotation of flcw in the direction of transverse

channels ; and:iy

the coefficient, which considers losses from the mixing of flows

™

upon the pwe—and from sudden exparsion en- from the

channels of back and trough & .

Are examined below recomnendations=§£:3b the selection of the
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loss factors.

On the periphery of blades (Fig. 1b, c) the air flow at

outputield from hole depends on the effect of the flow of gas; the

mechanisn 2: interaction is very complex; therefore the coefficient

»

of 3 losses “w: can be determined experimentally. Tentative

calculations show that 7..-0.3+1 (the upper limit correspomds to small

radial gap 6). For the blades, shown im Pig. 2, ‘.. it is possible to

s 3 FIIM X =
determine by Borda-Carnot's formula: ;mx==(1“'—?_"

Page 8.

|
In works [3, 4] the total losses i, T35 are determined i
experimentally; their valué:;gre at the sesaller relative clearances 3
= h/d between the leading edge of the deflector and the internal
surface of blade. According to experiments (3] Wry=4+5 with i =

-~

1, vhile according to the data [4] 0.7-1.7 aﬁi& h = 2.

The satisfactory agreement of these data is obtained, iEigggi?
are selected on graphs for circular exhaust shatﬁﬁsinos-vith hood,
upon consideration of additional entry loss into hole (account of the

even;ess of entrance) [1, 6)]. The coefficients of losses : at the

into cooling channels, % i, cam be found from handbook [6 ).
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The values of drag coefficieats L. ;zg; transverse channels,
obtained in experiments [4), satisfactorily coincide with(calculated
[6). The drag coefficients of radial channels ¢ and Sux are

determined from formulas for ducts. One must take into account that
the friction of the rotating radial chanmnels is more than 3

/uniettte%ﬁ%nes. According to experiments [ 5] excess 150/0.

These coefficients of losses and recommendation regarding their

selection require further refinement (especially for rotor blades)

with the accumulation of experimental data.

3. Determination of the preheating of coodant.

cpdT* == dQ i udu. (12

The equation of energy in the complete parameters, the

differential form and in relative motion has the form:

ekquantity of heat, applied to coolamt (with flow rate per
second g? G) through walls, on the elementary section of the length

cf channel dz is equal to:




L
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AdQy—= GdQ — ko(T? -- 1%) dz,

vhere

Zz - coordinate in the direction of a radius;

heat-transfer coefficient;

Aooo-
- the perimeters of t;e{section/ect-of vall.

By converting equation (12), we will obtain

are =k, _‘_’_r:r‘ll + (o2 (r+z) 22

i Jd €

Page 9.

At the averaje/mean value of quaptities /. 7 the definite
integral of this oquation"li4:iéz=£;%§- 0 to T takes the fornm:

; [ — ) w?? r— 1 ey 2oz e
X = e T g . = I —c ™) ) —=, (3"
: !_I Tty S )]( ‘ ) v

r,,l.'I

vhere .= -i-,r - radius of the 4525451i.of hole; 7} ~ the

6 is wall thickness; a -

M, - the thermal conductivity of wall; []
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stagnation temperature of coolant at the 4&2$§%§§ in relative motion;
.
Ge,

OOTNOTE) *. In book [8] is given the formula for determining the

preheating of coolant in nozzle blades (w = 0).&E;§£§§EE§E23
J 93 cvp

4. Determination of the of coolant.

] AN
Outlet velocity from hole is ?é%?@?( 7ﬁé;ugh converted

expression (8)

i L : - @ & g : I
. .’"—:‘TR(/I:_'Inm) Gy T Uy T Wy (l‘:u_-._,T)l”:)

| fom

2[):.““! (14)

The drag coefficient of channel with technical roughness with Re
nusbers > 2300 it is possible to determine from the general-purpose
formula of Colbrook and White [6] taking into account an increase by

150/0 in the data [5] the rotaticn

. 1,15

v °

B e
M (e T3,
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vhere A is roughness.

Moreover Re it is convenient to calcalate according to the

foraula

Be v 20 (16)

I
vhere 7 is dynamic viscosity of coolant.

For determining “. they are assigned at first approximately by
the c?ﬁ%%:;iﬁégfig;;oolant and then they find agpropriate /2,. 7, amd w,
' e

through the following equations:

&
T s v
1'..==n:[ e -an
Qk—'—'i‘RT"
24 g tl'?l ; (]8)
=T P
k—1
GRT
... (19)
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Page 10.
The calculation in channel is perfcrmed according to sections e
output/yield froam which from equatioms (6), (7)., (13), (14) and

the continuity
__/ GRT o
pmu 1= ( )“" i (00)

wF

by the method successive apptcxinatioﬁyézzgii;e determined Puui:

w I

L1 S A

Bux i*

s

At outputyield from the last /datter sectione3g§ is calculated
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AN S TS
p“"‘l’= Puus [v/l — n:x i P

2—Rr:

k—1 mX /'

The entire calculation is fulfilled also by the method of

appreaeh/approximations G before ag:eenau@h Pui p with 2P
assigned fpreosceibed

BL4X

—TN A/A ore
The calculation is programmed for conputation‘kg ETSVN “presed,

The calculations show that the correctly approximate equality

ll_:-l
nn_lr"[l _(lA,T.:L) : ]z
l:_l

k " = P grax ]k 3 (‘_)])
~ (1,4 057 )[1 -

vhich is used below.

FPor the blades, depicted on Fig. 2, due to the presence of many

different forms of friction in coolant passage the calculation/:zy
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convenientlyAponduc totaling hydraulic losses by

sections along channel.

If we write equation (5) in stagnation parameters ani -
consider relationshipsratio (21), then we will obtain expression fer
determining the theoretical total fressure 7, cn the appropriate

radius of the blaie

A

. - u?—~ ”ﬁ s
pll =pl l + k Ll (22)
QER(T" -+ 0,537%)

wvhere AT* - the preheating of air on section from the entrance into

radial channel before its distribution into transverse channels.

Page 11.

i The temperature of stagnation was determined from converted

expression (7)

T* =T, 4+ AT*, (23)

E The actual the total pressure at the odfkkiaééﬁiif%§22¥ each

section will be
p;u\ = ,'; i "p.' (24)

vhere

"ove

PR ol
Ap 5 "

B e ————————
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In handbook [ 6] the coefficients of losses & are given on the
basis of experiments with small pressure differentials under
isothermal conditions. In long channels with Jﬁ;zszzﬁfipreheatinq of
coolant proceeds a considerable change im the losses and anf
ipgidencesdrop in the total pressure from heat supply. Taking this

into account total fpitot loss (in the channels of codgfgﬁgfgzgtion)

approximately ? will be

i A * ~ (_El R ) TI‘ u'l-i ( 5|=ux >7IIHX u’;“l
P 2 1 B Tt —=— 41 )=

2 2

P, 5
(for channels :=7" Df).

OOTNOTE’ '« The more precise value of the total pressure at

outputyiedd from section with the changing cross section can be

Lol

found from equations (14) and (20). With the taken G

is determined at first /ux and then fo-llDlootld;;\\

Ju?
5 For computation 2 _ it is convenient eo”§§;¥y gas-dynamic

functions., With t'e assigned/prescribed in the first approximation,

consumption is determined the functiom ¢(.) =
A

GV T
mFp*

and from tables -

= —-ij‘o.—-— PR ———— — = - ey o
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vu?
Thﬁ#f 2 " oF 2,_. ‘/"—RT and at the selected value ¢

is determined Ap*.

The calculatxon is fulfilled by the nethod successive
‘ =
approxilatioﬁg/changlng G before agreement in exit section %, from#=

_ P
;‘(Améﬁiaxned by consecutive subtraction L, Ap* sections) and from

the expression

GV i

y ()‘IMIX ) =T£L .

Bux ,'Bll!

Page 12.

In this case pressure at output/yield from hole can be taken as

equal to the pressure of gas p, at output/yield from lattice 1.

CFOOTNOTE !. Work [2] shows the negligible effect of ejecting effect

on trailing edge (from the flow of gas) on the of air

coolant. ENDFOOTNOTE.,
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The proposed calculation method makes it possible to determine

coolant distribution according to span of the blade (Fig. 2).

Example of the calculation.

Porzféggézg;Lhe method of calculation and selection of the loss

factors was determined the flow rate of the air coolant through the

channels of blades [2]). The loss factors were seclected from handbook

[6]:

%=053+-056 - for the holes of the rim of disk with transition

to deflector;

t=108 :-1,66 - for a deflector (taking into account the

separation of flow on holes on leading edge) ;

fx t 5 =11;
W —=476--642 - for the slots between deflector and wall of blade

(vas designed by formulas for lamellar-tubular radiators) ;

‘o = 1,14;
EI oax 0'141 s 0.‘-‘()2;
S = 0,77,

z
THmx

S
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In this case some geometric data,

(2], are

which are not given in work

approximately from the figure of blade.

P —

e ——_—
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6 e == SISO s smm—" e———
035 B > Pt F%
z A e

—_— - ’1&
7 Tedo3 § B
0, . =
auboBof b /o O] ey - )
/ ﬂ(m & B
: T, 303
W e g 20 227 % i e s
a) b

] Fig. 3. The dependence of Eﬁﬁdzgzzﬁéiir fdow rate on the-4%¥2££iﬁ of

fressures and temperature of the blades: — - the calculation; O~

- according to experiments [3].

Page 13.

The preheating of air AT* from the sections of channel was

determined from the equations of heat exchange and energy (13).

:-m 2 . — p— J
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-~  arr I
The results of the calculation tnnctid%f; -7L~I”-fﬁ B TE

/'nu\

and ffem the temperature of blade /, were given in Pig. 3, vhere vas
visible the satisfactory convergence of calculated and experimental

data [2].
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